Despite this fairly well-characterized enzymatic pathMolecular Biology way for ubiquitin conjugation, how proteins are selected Chicago, Illinois 60637 for their ultimate demise is only beginning to be clarified. This process must be highly specific, since short-lived proteins have to be identified and differentiated from Ubiquitin, named for its expression in a wide variety of the numerous stable polypeptides that coexist in the tissues and organisms, is extraordinarily well conserved cell and sometimes even in the same protein complex. in creatures as diverse as yeast and man. Perhaps it is Degradation of substrates by the ubiquitin system apnot surprising then that the proteolytic system involving pears to be mediated by specific degradation signals, ubiquitin plays a central role in the control of many basic which are sequence or structural features of the subcellular processes. In addition to degrading damaged, strate that are required for rapid proteolysis. In addition misfolded, or misassembled proteins, the ubiquitin systo providing a ubiquitinatable lysine residue(s), these tem targets many naturally short-lived proteins, includsignals contain elements that are targeted directly by ing transcription factors, cell growth modulators, signal the ubiquitination apparatus, which in most cases is transducers, and cell cycle proteins. A requisite step expected to be a specific E2/E3 complex. In this minirefor the degradation of these substrates is the covalent view, we highlight recent findings on the specific recogattachment of ubiquitin. Targeted proteins are often nition of several physiological substrates of the ubiquitin modified by polymers of ubiquitin, which triggers their system, emphasizing and contrasting the substrate rapid destruction by a large, complex protease, the 26S characteristics that are recognized by the ubiquitin-conproteasome (Hershko and Ciechanover, 1998).
The following model has emerged for the signal- proteasomal degradation of the HIV receptor CD4. Degphosphorylated at both serine 32 and 36 strongly inhibit radation of CD4, which occurs at the endoplasmic reticubiquitin conjugation, whereas unphosphorylated pepulum (ER), may help to prevent viral superinfection and tides have no effect. The efficacy of singly phosphoryappears to be important for viral envelope protein translated sequences is reduced at least 20-fold relative to port and maturation. In a striking parallel to IB␣ and the doubly phosphorylated versions. Peptides that lack ␤-catenin, ␤-TrCP binds to Vpu in a phosphorylationthe major sites of ubiquitin conjugation, lysines 21 and dependent manner, through a short sequence nearly 22, are still effective inhibitors. Furthermore, immobilizidentical to the IB␣ recognition motif ( Figure 1B ). Howing the inhibitory sequences on a solid support creates ever, the virus has corrupted the system such that Vpu an affinity resin that can deplete cell lysates of their itself is not targeted for ubiquitination, but instead di-IB␣-ubiquitinating activity, without affecting the ubiquirects ␤-TrCP to the host protein CD4 (Margottin et al., tination of other cellular proteins.
1998 and references therein). These observations sugTaken together, the results provide compelling evigest that similar targeting signals and recognition mechdence for a short, phosphorylation-dependent recognianisms are used by multiple ubiquitin system substrates. tion element in IB␣, DS*GLDS* (where S* represents
The finding that an F box protein can function as a phosphoserine); this E3-binding segment does not rereceptor for substrates of the ubiquitin pathway is not quire a ubiquitin conjugation site. Interestingly, a similar a novelty: a similar mechanism has been described for sequence is found in the short-lived signal transducer/ the degradation of yeast proteins that regulate the G1 transcription factor ␤-catenin ( Figure 1B) , which is also phase and G1-S transition of the cell cycle (reviewed in degraded by the ubiquitin-proteasome system (Aberle Patton et al., 1998 and accompanying minireview). Like et al., 1997). The sequence in ␤-catenin includes a con-IB␣, proteolysis of these proteins is phosphorylation sensus phosphorylation site for glycogen synthase kidependent, such that the ubiquitination apparatus only nase 3␤, and mutation of the serines to residues that recognizes and modifies the phosphorylated substrate. cannot be phosphorylated stabilizes the protein (Ru-
The E3 Ubc5 in addition to Ubc6 and Ubc7. Ubc6 and Ubc7 also strate with the E2/E3 complex contributes to more than participate in the degradation of a number of different ER one step of the ubiquitination process, much like the proteins (Sommer and Wolf, 1997). These substrates recognition of appropriate tRNAs by the aminoacylappear to be retrotranslocated to the cytosol following tRNA synthetases. Small differences in binding energy (or during) ubiquitination by the ER-localized Ubc6 and can thereby be amplified to improve the fidelity of the Ubc7 enzymes. While being ejected from the ER, these ubiquitination reaction. Alternatively, these short protein substrates are likely to expose, at least transiently, hysegments may be the primary E3-binding elements, but drophobic stretches that are normally in contact with a stable association between the E2/E3 complex and the lipid bilayer or are buried in the protein. Together, substrate may occur only after other weaker contacts these observations suggest that hydrophobic surfaces are formed. If prolonged binding is necessary for the may be targets of the Ubc6/Ubc7-containing ubiquitinasubstrate to become polyubiquitinated, then only subtion complex. However, since the E3 ubiquitin ligase(s) strates that contain these multiple binding elements will that functions with these E2s has not been identified acquire ubiquitin chains that reach the length preferred and ubiquitination has not been reconstituted in vitro, by the proteasome. Substrate deubiquitination might there is as yet no direct evidence that these hydrophobic provide an additional proofreading mechanism, further segments function in exactly this way. enhancing the specificity of the system. The structural element critical for Deg1 function over-A Hydrophobic Protein Surface Required laps a region important for binding of ␣2 to a1. This for Degradation implies that a1 may compete with the Ubc6/Ubc7 ubiquiIn contrast to the short peptide sequences defined for tination apparatus for binding to ␣2. Consistent with this the recognition of IB␣ and ␤-catenin, a surface of a idea of overlapping sites of interaction, coexpression prefolded structure appears to be a critical degradation of a1 and ␣2, which occurs naturally in a/␣ diploids, determinant in the yeast mating type transcription factor dramatically stabilizes ␣2 and blocks its ubiquitination.
␣2. Budding yeast cell identity is controlled by the MAT
Increasing the concentration of a1 in these cells further mating type locus. The locus exists in haploid cells in stabilizes ␣2. Conversely, mutations that impair the two different forms, MATa and MAT␣. In certain strains, a1-␣2 coiled-coil interaction interfere with the ability of switching between these two states can occur, with a1 to stabilize ␣2 (Johnson et al., 1998). Thus, the Deg1 the associated phenotypic changes manifested within signal appears to be masked by a1 binding. a single cell division. For such a rapid change in cellular Coexistence of degradation determinants within prophenotype, the transcriptional program controlled by tein regions that also help form protein-protein interthe discarded MAT locus must be quickly dismantled.
faces is likely to be a common phenomenon. Exposure Indeed, all three MAT-encoded transcription factors (␣1, of such segments in components of multiprotein com-␣2, and a1) are exceptionally short-lived, and their metaplexes that are synthesized in excess or fail to assemble bolic stability is determined by the ubiquitin-dependent properly would ensure the rapid elimination of unassemproteolytic system (Johnson et al., 1998). Maximal degbled polypeptides, helping to set the proper stoichiomeradation of ␣2 requires four different E2 ubiquitin-conjutry of these complexes. More generally, the display of gating enzymes (Ubc), with Ubc6 and Ubc7 targeting a hydrophobic surfaces, normally buried in protein-prodegradation signal in the N-terminal domain of ␣2. This tein interfaces or found within protein core regions, proteolytic motif has been termed Deg1.
could serve as a recognition element that helps identify Deletion analysis of the Deg1 signal defined a region of misfolded or otherwise abnormal proteins. Here, the E3 ‫06ف‬ amino acids sufficient for targeting to the ubiquitin ubiquitin ligases may have a surveillance function similar pathway. Extensive point mutagenesis highlighted a 19-to that of molecular chaperones, except that the ligases residue element that is critical for the rapid turnover of would target these proteins bearing hydrophobic segDeg1-containing substrates. This degradation determinant is part of an ␣2 segment that is predicted to form ments to a degradative pathway.
